Introduction
Chlamydia trachomatis is an obligate intracellular pathogenic bacterium associated with several important human diseases such as trachoma (the leading cause of preventable blindness), arthritis and sexually transmitted diseases. 1 Chlamydia exhibits a biphasic development cycle that alternates between infectious metabolically inert elementary bodies (EBs) and metabolically active, noninfectious reticulate bodies (RBs). RBs replicate within a membrane-bound intracellular inclusion largely protected from host defensive mechanisms. 2 At the end of the development cycle, RBs redifferentiate into EBs and exit the host cell to begin a new infection cycle.
Microtubule-associated protein 1 (MAP1) light chain 3 (Lc3) has proven useful as an autophagosomal marker in studies on the interaction between pathogens and the host autophagic machinery. however, the function of Lc3 is known to extend above and beyond its role in autophagosome formation. We previously reported that intrinsic Lc3 is associated with the intracellular Chlamydia trachomatis inclusion in human epithelial cells. here we show that Lc3, most likely the cytoplasmic nonlipidated form, interacts with the C. trachomatis inclusion as a microtubule-associated protein rather than an autophagosome-associated component. In contrast, N-terminally GFP-tagged Lc3 exclusively targets autophagosomes rather than chlamydial inclusions. Immunofluorescence analysis revealed an association of Lc3 and MAP1 subunits A and B with the inclusion as early as 18 h post-infection. Inclusion-bound Lc3 was connected with the microtubular network. Depolymerization of the microtubular architecture disrupted the association of Lc3/MAP1s with the inclusion. Furthermore, siRNA-mediated silencing of the MAP1 and Lc3 proteins revealed their essential function in the intracellular growth of C. trachomatis. Interestingly, defective autophagy remarkably enhanced chlamydial growth, suggesting a suppressive effect of the autophagic machinery on bacterial development. however, depletion of Lc3 in autophagy-deficient cells noticeably reduced chlamydial propagation. Thus, our findings demonstrate a new function for Lc3, distinct from autophagy, in intracellular bacterial pathogenesis.
Autophagy-independent function of MAP-LC3 during intracellular propagation of Chlamydia trachomatis
hesham M. Al-Younes, 1,2 Munir A. Al-Zeer, 1 hany Khalil, 1, 4 Joscha Gussmann, 1 Alexander Karlas, 1 Nikolaus Machuy, the behavior of endogenous LC3, exhibited a vesicular staining pattern ( Fig. 1A and parts 2 and 3). We also tested N-terminal DsRed human LC3B isoform and several N-terminal GFP fusions with human LC3 isoforms (MAP1-LC3A, MAP1-LC3B and MAP1-LC3C), which are still capable of C-terminal processing and autophagosomal targeting. 27, 28 All N-terminally fused LC3 constructs exhibited a punctate cytoplasmic staining pattern in C. trachomatis-infected HEp-2 cells (Fig. 1A and parts 4-7) , indicative of a lack of association with C. trachomatis inclusions. This staining pattern most likely represents autophagosomes generated upon transfection and heterologous protein expression in infected HEp-2 cells.
To confirm the autophagosomal nature of the labeled vesicles and the specific targeting properties of the employed fusion proteins, we mutated the C-termini of LC3A, B and C. Specifically, Gly residues 120 or 126, which are critical for the generation of autophagosomal LC3-II forms, 11, 27, 28 were replaced by Ala (Fig.  S1 ). Cellular expression of the mutant human GFP-LC3A, B and C isoforms resulted in diffuse cytoplasmic staining (Fig. S1) ; in stark contrast to the wild-type GFP-LC3 punctate cytoplasmic staining pattern ( Fig. 1A and parts 5-7). GFP-LC3-labeled autophagosomes were co-stained with an anti-LC3 antibody (Fig.  1B ) in infected and uninfected cells. Unlike the GFP-labeled LC3 fusion protein, intrinsic human LC3, visualized with the antibody, localized to the chlamydial inclusion (Fig. 1B) .
To test the possibility that the relatively large size of the GFP fused with different isoforms of LC3 might be causative for hindering interaction of ectopically expressed LC3 with microtubules, we constructed the wild-type LC3B and a truncated mutant of LC3B lacking the C-terminal subdomain (amino acid residues 118-125). These constructs were N-terminally fused with six repeats of a 9-amino acid epitope from the c-myc protein in the pKJ1ΔF-6myc vector. Importantly, the same vector has been successfully used in a recent study to confirm the association of LC3 with intracellular microtubules. 25 Immunofluorescence microscopic examination of HeLa cells transiently transfected with either 6myc-full length LC3B or 6myc-truncated LC3B demonstrated a dotty cytoplasmic distribution of both constructs in HeLa cells ( Fig. 2 and red in parts 5 and 8), reminiscent of 6myc-LC3 staining in the study of Faller and co-workers. 25 Evidently, both forms of 6myc-LC3B ( Fig. 2 and red in parts 5, 6, 8 and 9) strongly colocalized with the C. trachomatis inclusion (green). The association of 6myc-LC3B constructs was C. trachomatis specific, as no colocalization with the Chlamydia pneumoniae inclusion in transfected cells was observed (data not shown).
Together, these data demonstrate a dual targeting property of intrinsic LC3 to both autophagosomes and chlamydial inclusions. N-terminally GFP or DsRed fused LC3, however, did not interact with the chlamydial inclusion, indicating the loss of a distinct N-terminal function essential for this interaction. In stark contrast, N-terminally fused LC3B with the smaller 6myc tag interacted with the C. trachomatis inclusion. Our observations strongly suggest that chlamydial inclusions remain separate from the typical autophagosomal compartment despite their obvious association with intrinsic LC3.
To date, LC3 is considered the most reliable autophagosomespecific membrane marker in mammalian cells and has been used to investigate the relationship between intracellular pathogens and the host autophagic machinery. [13] [14] [15] [16] Autophagosomes are easily visualized via labeling with green fluorescent protein (GFP)-tagged LC3 fusion proteins. 17 Recent work, however, has suggested LC3 has an extended functional repertoire beyond its autophagosomal association, generally related to the microtubular network of the cytoskeleton. For instance, LC3 was originally identified as a microtubule-associated protein which co-purifies with the heavy subunits of the microtubule-associated proteins 1A and 1B (MAP1A and MAP1B), together termed MAP1s. 18, 19 In addition, LC3 was shown to promote microtubule polymerization in the presence or absence of MAP1s. 20 LC3 can act as an adaptor protein linking caldendrin to microtubules and is thought to be involved in the trafficking of receptor proteins or other synaptic molecules. 21 Furthermore, LC3 is found in brain ribonucleoprotein complexes, suggestive of a role in binding neuronal RNA species and linking them to microtubules to facilitate their migration. 21 Through binding to microtubules, LC3 can also mediate translational regulation of fibronectin mRNA. 22 Most recently, LC3 has been implicated in the promotion of microtubule stability by reducing their dynamics and, similar to MAP1s, 23, 24 enhancing microtubule growth rather than disassembly. 25 Based on the reported functional divergence of LC3 and our previous observations, 12 we hypothesized an alternative role for LC3 in its interaction with the C. trachomatis inclusion. Here, we provide evidence to show that LC3 interacts with the C. trachomatis inclusion in an autophagy-independent manner, associating instead with the inclusion in connection with the microtubular network. Similarly, the MAP1A and MAP1B heavy subunits also associate with the inclusion in a microtubule-dependent manner. In contrast, N-terminally GFP-tagged LC3 constructs of different origins were restricted to vesicular structures reminiscent of bacteria-free autophagosomes, whilst the chlamydial inclusion membrane only labeled with native LC3. We used RNA interference (RNAi) to further demonstrate essential functions of LC3 and MAP1A in chlamydial propagation. These observations point towards an unexpected microtubule-dependent association of LC3 with the chlamydial inclusion, distinct from autophagy.
Results

GFP-tagged LC3 associates with autophagosomes but not chlamydial inclusions.
Our previous work showed that the autophagosomal label MDC failed to stain C. trachomatis inclusions. 12 This appeared to be in contrast to the association of the commonly used autophagosomal marker LC3 to the inclusion membrane. To resolve this paradox, we reproduced our previous observations using an anti-LC3 antibody to detect intrinsic LC3 (Fig. 1A and part 1) . Next, we used a rat-derived GFP-rLC3 construct, 26 shown to associate with autophagosomes, 11, 14, 15 and a GFP-mouse (m)LC3 construct, and analyzed their cellular distribution. Surprisingly, neither GFP-rLC3 nor GFP-mLC3 localized to the inclusions in infected HEp-2 cells but, in contrast to ©2 0 1 1 L a n d e s B i o s c i e n c e .
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( Fig. S2) . At 3 h post infection (p.i.) Chlamydia were dispersed throughout the cytoplasm and did not colocalize with LC3 or MAP1s ( Fig. 3B and parts 1, 6 and 11). By 7 h p.i. (Fig. 3B and arrows in part 7), Chlamydia were located close to the nucleus and colocalized with the Golgi apparatus, as reported previously in reference 29 and 30. The Golgi apparatus was stained with MAP1A but not with LC3 and MAP1B (arrows in parts 2 and 12). At 18 h p.i. until 44 h p.i. however, marked associations of LC3 (parts 3 and 4), MAP1A (parts 8 and 9) and MAP1B (parts 13 and 14) with chlamydial inclusions were observed. Thus, our data show that LC3 and MAP1s are co-recruited to the chlamydial inclusion during the course of infection. Colocalization with C. trachomatis inclusions is restricted to bona fide LC3. In addition to the three isoforms of LC3 MAP1A and MAP1B are co-recruited with native LC3 to the C. trachomatis inclusion. Next, we investigated the expression and cellular localization of LC3's known interaction partners, the MAP1s, 18, 19 MAP1A and MAP1B mRNA transcripts were detected in HEp-2 cells using RT-PCR (Fig. 3A) . Using antibodies against LC3 and MAP1s, we then compared their intracellular distribution in C. trachomatis-infected and uninfected HEp-2 cells during the course of infection. MAP1s were detected throughout the cytoplasm in uninfected HEp-2 cells (Fig. 3B and parts 10 and 15). Fluorescence for MAP1B was weaker than that for MAP1A and LC3, however, intense juxta-nuclear staining for MAP1A ( Fig. 3B and arrows in parts 6-8 and 10) characteristic of the Golgi apparatus was detected, as confirmed by confocal immunofluorescence using a trans-Golgi p230 antibody to the inclusion membrane via a direct interaction with IncG; 34 however, short interfering (siRNA)-mediated depletion of either LC3 or MAP1s did not hinder the recruitment of 14-3-3β to the inclusion (Fig. 4C) , excluding the possibility that MAP1s and LC3 facilitate the interaction between IncG and 14-3-3β. In addition, LC3 and MAP1s did not associate with the C. pneumoniae inclusion (Fig. 5A-C) , which lacks IncG. Taken together, these results corroborate the close and probably direct association of LC3 and the MAP1s with the C. trachomatis inclusion membrane.
Chlamydial protein synthesis is required for recruitment of MAP1s and LC3. To determine whether early bacterial protein synthesis is required for the association of LC3/MAP1s with the C. trachomatis inclusion, cells were infected at an elevated multiplicity of infection (MOI) of 15, to enable early visualization of the small chlamydiae, and then exposed to chloramphenicol (CAM). Confocal microscopy revealed that small chlamydial inclusions, whose growth was arrested by the addition of CAM between 7 and 24 or 48 h p.i., remained separate from LC3 ( Fig. 6 and parts 1 and 2) and MAP1B (data not shown). Some colocalization of inclusions with MAP1A was observed, particularly in cells exposed to CAM between 7 and 24 h p.i. (Fig. 6 and parts 4 and 5); however, this apparent colocalization is likely to be artifactual due to the proximity of small inclusions to the Golgi apparatus, which stained strongly for the MAP1A protein (Fig. 3B) . Next, we investigated the influence of bacterial protein synthesis on the maintenance of LC3 and MAP1s around the inclusion during later infection time points, when initial LC3 and MAP1s recruitment had already occurred. In infected cells (MOI 0.5) treated with CAM between 19 and 48 h p.i., LC3 and MAP1s localized to the inclusion ( Fig. 6 and parts 3 and 6; data for MAP1B not shown). Taken together, these data show that translocation of MAP1s and LC3 depends, directly or indirectly, on bacterial protein synthesis during the early period of infection, whereas late inhibition of bacterial protein synthesis does not affect the recruitment of MAP1s and LC3 to the inclusion.
Essential function of LC3 and MAP1A for intracellular growth of C. trachomatis. Next, we established the importance of LC3 and MAP1s for chlamydial development by knocking (LC3A-C), several mammalian orthologues of LC3 have been reported, 26, 27, 31 which include GABARAP (GABA(A) receptorassociated protein), GABARAP like 1 (GABARAPL1/Apg8L1/ GEC1) and GABARAP like 2 (GABARAPL2/GATE-16). These proteins share distinct features with LC3, such as a conserved C-terminal Gly residue, their localization to autophagosomes and the interaction with tubulin. 26, 27, [31] [32] [33] To examine whether these orthologues are capable of interacting with C. trachomatis inclusions, we monitored their distribution during the course of infection (Fig. S3) . Microscopic analysis demonstrated no association of GABARAP and GABARAPL2 with the inclusion, supporting the notion that accumulation at the chlamydial inclusion membrane is LC3 specific.
LC3 and MAP1 subunits colocalize with the C. trachomatis inclusion membrane. Further analysis of the association of LC3/ MAP1s with the C. trachomatis inclusion using immunoelectron microscopy revealed LC3-specific gold particles close to (arrowheads) or at the inclusion membrane (arrows) in C. trachomatisinfected HEp-2 cells (Fig. 4A) . Moreover, immunostaining for the C. trachomatis inclusion membrane protein IncG, 34 in conjunction with LC3 and MAP1B, revealed an almost identical staining pattern (Fig. 4B) . The host protein 14-3-3β localizes 
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another combination of siRNAs targeting the sequences CUG CAG AAU AAA GAU UGC UCA and UUG AAU AAA GGC ACA AUU AAA of LC3A and LC3B, respectively, resulting in more than 70% reduction of bacterial infectivity. Depletion of GABARAPL1 resulted in a moderate decrease in bacterial infectivity. By contrast, knockdown of the LC3 orthologues GABARAP and GABARAPL2 did not substantially impact the generation of infectious EBs (Fig. 7) . Inclusion size in siRNA knockdown cells was generally an indicator of infectivity (Fig.  S5 ). An exception was the LC3A knockdown cells, which contained normal-sized inclusions ( Fig. S5 and part 2) but with fewer bacteria (data not shown). To further support these observations, we generated stable LC3B and MAP1A shRNA knockdown cells ( Table 1) . Marked reductions in inclusion size (data not shown) were also associated with a decreased number of progeny in these down their function in HeLa cells using siRNA and short hairpin RNA (shRNA). Immunofluorescence and/or RT-PCR revealed that the HeLa cell line used in this study did not express the LC3C isoform or MAP1B (data not shown), therefore these proteins were not further studied here. Knockdown levels of LC3 isoforms, LC3 orthologues and MAP1A were determined and compared with luciferase-specific control knockdown ( Table 1 and Fig. S4 ). Cell viability was unaffected by knockdown with the siRNAs and shRNAs used (data not shown). A considerable decrease in infectious progeny was observed in LC3A, LC3B and MAP1A knockdown cells (Fig. 7) . Simultaneous knockdown of LC3A and LC3B, using siRNAs designated MAP1LC3A-1 and MAP1LC3B-2 ( Table 1) , compounded this reduction, suggesting the two isoforms have parallel functions. Results of the double knockdown of LC3A and LC3B were reproduced using 
to the microtubular system in neurons, 18, 19 we next investigated whether this connection also occurred in epithelial HEp-2 cells. Immunofluorescence analysis of uninfected and infected cells with antibodies against tubulin and MAP1s or LC3 revealed the colocalization of MAP1A and LC3 with microtubules both in the cytoplasm and near the chlamydial inclusions ( Fig. 8A and B; MAP1A and LC3 in red, microtubules in green). In uninfected cells, all three proteins were strongly associated with tubulin, particularly in the mitotic spindle of cells undergoing mitosis ( Fig.  S7 and arrowheads) , and at sites of cytokinesis between separating cells (arrows). These observations provide evidence for an association of LC3, MAP1A and MAP1B with the microtubular system and a possible involvement in the process of cell division.
This observation prompted us to test if the association of LC3 to the chlamydial inclusion was microtubule-mediated. Therefore, we depolymerized the microtubular network in the presence of 30 μM nocodazole, starting at 2 h p.i. This led to the complete depolymerization of the microtubular network as indicated by a homogenous staining ( Fig. 8C and green in parts 2 and 5). Interestingly, microtubule disruption had a dramatic impact on the localization patterns of MAP1s and LC3 with respect to the chlamydial inclusion. In microtubule-disrupted cells, staining of these proteins around the inclusion decreased or even disappeared ( Fig. 8C and parts 1,  4 and 7) , whereas in the absence of nocodazole intense staining for MAP1s and LC3 was detected around the inclusion (Fig. 8B and parts 1, 4 and 7) . These data strongly suggest an association of the MAP1s and LC3 with the microtubular network and that LC3/MAP1s are trafficked to the vicinity of C. trachomatis inclusions along microtubules.
The cytoplasmic nonlipidated LC3 (LC3-I) associates with C. trachomatis inclusions in an autophagy-independent manner. Nascent LC3 is processed at its C-terminus upon its synthesis cell lines (Fig. S6) . Stable knockdown of MAP1A resulted in the most severe impairment of C. trachomatis growth ( Table 1) . Taken together, our observations reveal that MAP1A and LC3 are essential for the completion of the C. trachomatis developmental cycle.
An intact microtubular network is required for recruitment of MAP1 subunits and LC3 to the C. trachomatis inclusion. Since MAP1s and LC3 can be physically and functionally connected 
MEFs (Fig. 10C) . Similarly, considerable stimulation of C. trachomatis infectivity was obtained in HeLa cells depleted of ATG5 using specific siRNAs (data not shown). Collectively, these findings strongly indicate that an intact autophagic pathway or at least ATG5 is required for restriction of chlamydial replication.
and becomes the cytoplasmic LC3-I, which has Gly residue at the C-terminal end. LC3-I is subsequently lipidated (conjugated with phosphatidylethanolamine) to become LC3-II, which is associated with autophagosomal membranes. Among several autophagy-related proteins (ATGs), ATG5 is crucial for the formation of lipidated LC3-II and for the initiation and expansion of autophagosomes. 35 We investigated whether LC3 localized to the C. trachomatis inclusion may be the cytoplasmic nonlipidated LC3-I by examining the intracellular distribution of ectopically expressed 6myc-wild-type LC3B, as well as that of the 6myc-truncated LC3B with a deletion of the last eight amino acid residues, in ATG5-knockout and wild-type mouse embryonic fibroblasts (MEFs). 36 Confocal microscopic examination of C. trachomatis-infected MEFs transiently transfected with 6myc-LC3B constructs revealed a strong localization of both wild type as well as mutated LC3B (red) to the bacterial inclusion (green) in ATG5-lacking MEFs (Fig. 9B and parts 7 and 11) , analogous to the localization observed in wild-type MEFs (Fig. 9A and parts  7 and 11) . Collectively, lack of ATG5 and intact autophagic machinery in ATG5-knockout MEFs did not affect LC3 colocalization to C. trachomatis inclusions. More importantly, these experiments provide strong evidence that LC3 that associates with the bacterial inclusion is the cytoplasmic nonlipidated LC3-I.
Unlike LC3, ATG5 and autophagy are required for restriction of C. trachomatis growth. In order to provide further evidence for the autophagy-independent function of LC3 during intracellular replication of C. trachomatis, we analyzed the effects of ATG5 deficiency and defective autophagy on the propagation of bacteria and compared them with those of LC3 knockdown shown above. MEF cells lacking ATG5 along with wild-type MEFs were infected with C. trachomatis. Two days p.i., the numbers and sizes of inclusions developed in both cell types were evaluated using an automated microscope. In addition, production of infectious EBs in inclusions was assessed using infectivity titration assays. Interestingly, ATG5 knockout led to a considerable increase in numbers (Fig. 10A) and in sizes of inclusions ( Fig. 10B and E) , compared to those in infected wild-type MEFs (Fig. 10B and D) . More importantly, production of EBs was observed to be about eight-fold increased in the inclusions formed in ATG5-deficient that were depleted of LC3 by siRNA knockdown. Remarkably, silencing of murine LC3 led to the generation of smaller inclusions (data not shown) and to a more than 70% reduction in bacterial infectivity (Fig. 11) , compared to ATG5-deficient MEFs transfected with the control luciferase-targeting siRNA. Conclusively, these data clearly indicate an essential, autophagyindependent role for LC3 in chlamydial pathogenesis.
Discussion
Our previous research revealed an ambiguous interaction between the host autophagic machinery and C. trachomatis; although an association of native LC3 with the inclusion membrane of C. trachomatis was observed, a lack of autophagosomal fusion with the inclusion was indicated by the absence of staining with MDC.
12
MDC was originally described as a specific marker for autophagic vacuoles. 37 However, more recent studies showed that MDC is not specific for the nonacidic early autophagosomes, but rather stains the acidic compartments, such as late autophagosomes and lysosomes. 17, 38, 39 Unlike other lysosomotropic agents, MDC is able to act as a solvent polarity probe, exhibiting enhanced fluorescence upon interaction with membrane lipids. 40 MDC should, therefore, selectively label dense phospholipid-containing organelles. 41 Lack of interaction between MDC and C. trachomatis inclusions 12 indicates that the bacterial compartments do not interact with, at least, the mature (late) autophagosomes and is also reminiscent of the disconnection between inclusions and lysosomes in infected epithelial cells. 8 In our previous work, 12 we demonstrated an interaction of C. trachomatis inclusions with LC3, which is commonly used as a reliable marker to monitor autophagy and to visualize early autophagosomes. Here we reveal a novel function for LC3, distinct from autophagy, in the pathogenesis of C. trachomatis. We show that LC3 interacts with the C. trachomatis inclusion in an autophagy-independent manner based on several lines of evidence. First, native LC3 colocalized with the bacterial inclusion as a microtubule-associated protein, while several LC3 constructs, widely used as autophagy markers, failed to do so. Second, LC3 accumulated at the C. trachomatis More importantly, contrasting effects of LC3 and ATG5 depletions on chlamydial propagation very clearly put forward a novel role of LC3 in C. trachomatis development distinct from that in autophagy.
Depletion of LC3 in autophagy-deficient cells negatively affects the propagation of C. trachomatis. Both LC3 and ATG5 are known to be required for autophagosomal biogenesis. In our infection model, however, LC3 and ATG5 differently modulate C. trachomatis infection. As shown above, autophagy restricts C. trachomatis growth, while LC3 promotes it, thus suggesting a novel autophagy-independent role of LC3 for the pathogenesis of C. trachomatis. To confirm the autophagy-independent stimulatory effect of LC3 on bacterial growth we further investigated C. trachomatis infection in autophagy (ATG5)-deficient MEFs 
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Wild-type LC3 can bind to tubulin proteins, whilst a truncated mutant of LC3 lacking the N-terminal subdomain (amino acid residues 1-29) cannot. 43 The inability of N-terminally GFP or DsRed tagged LC3 constructs used in this study to colocalize to the inclusion could be due to their inability to bind to microtubules. Factors possibly playing a role in hindering such interaction could be the size, the three-dimensional structure of these tags or both. Indeed, N-terminal fusion of LC3 with the smaller 6myc neither inhibits LC3 interaction with microtubules 25 nor its colocalization to the C. trachomatis inclusion (this study). All LC3 constructs used in the present study were tagged at the N-terminus to allow the generation of the C-terminal subdomain cleavage of LC3 required for its subsequent attachment to the autophagosomal membrane. 11, 27, 28, 44 In addition, we observed that native LC3 was extensively translocated to the inclusion and, at the same time, stained LC3 construct-labeled structures within the cytoplasm. Thus, our findings emphasize a role for LC3 in C. trachomatis infection related to the microtubular network, in accordance with previous work. 19, 20, 45 The translocation of LC3, MAP1A and MAP1B to the C. trachomatis inclusion via the microtubule network appears to rely on the early synthesis of C. trachomatis proteins, suggesting that one or more chlamydial proteins are required to modify the inclusion membrane to facilitate the interaction with LC3 and MAP1s. Likely candidates are the chlamydial Inc proteins, 2, 34 which show a rim-like fluorescence staining similar to that of LC3 and MAP1s, as seen here for C. trachomatis IncG. This association is potentially C. trachomatis-specific as C. pneumoniae inclusions, which lack an IncG homologue, failed to interact with the LC3/MAP1 complex.
In mammalian cells, six orthologs of yeast ATG8 have been identified: LC3A, LC3B, LC3C, GABARAP, GABARAPL1 inclusion in the absence of ATG5 and intact autophagic machinery, also indicative of the colocalization of the cytoplasmic unprocessed form of LC3. Third, results obtained from RNAi silencing of both LC3 and ATG5, as well as the use of ATG5-knockout and wild MEFs showed that LC3 had a positive function in C. trachomatis propagation, contrasting the negative impact of ATG5 and probably that of the intact autophagic machinery on chlamydial propagation. Interestingly, LC3 knockdown in autophagy (ATG5)-deficient cells considerably reduced C. trachomatis propagation, providing conclusive evidence for the unique role of LC3 in chlamydial pathogenesis, which is distinct from that of ATG5 and autophagy. This novel function for LC3 as a cytoskeletonassociated element is strongly corroborated by the physical association of the native LC3 with its common interaction partners MAP1A and MAP1B at the inclusion or in the cell cytoplasm. Enrichment of MAP1s/LC3 at the inclusion was clearly prevented when microtubules were chemically disrupted. Furthermore, siRNA mediated-gene silencing demonstrated an essential role of LC3/MAP1s complex in the pathogenesis of C. trachomatis.
LC3 has been widely used to investigate the relationship between intracellular pathogens and the host autophagic machinery. [13] [14] [15] [16] To date, LC3 is considered the most reliable autophagosome-specific membrane marker in mammalian cells and ectopic expression of N-terminally tagged LC3 constructs reveals punctate and vesicular staining reminiscent of autophagosomes. 11, 14, 15, 42 Interestingly, in our study native LC3 and transiently expressed LC3B fused at its N-terminus to six repeats of a 9-amino acid-long epitope of the c-myc protein colocalized to the C. trachomatis inclusion, whereas none of the N-terminally DsRed or GFP-tagged LC3 constructs did. In vitro binding analysis confirmed the necessity of the N-terminal subdomain of LC3 for binding to tubulin and tubulin-polymerized microtubules. 1-4) , 6myc-wild type Lc3B (parts 5-8) or 6myc-truncated Lc3B (parts 9-12) and infected with Ctr at an MOI of 1. Twenty four h p.i., cells were fixed and stained with antibodies specific to c-myc (red) or Ctr (green). Micrographs show that both 6myc-wild and truncated forms of Lc3B associate with the inclusion (arrows in parts 7 and 11), whereas, control transfected cells exihibited no colocalization of 6myc-empty construct with Ctr (arrow in part 3). (B) ATG5-knockout MeFs (ATG5 -/-MeFs) were transfected, infected and stained as described above. strong localization of wild-type (arrow in part 7) and truncated Lc3B (arrow in part 11) forms was observed at the inclusion of Ctr (green). scale bars, 10 μm. Ctr, C. trachomatis. Images are representative of two independent experiments.
(Apg8L1/GEC1) and GABARAPL2 (GATE-16). It remains largely unknown why mammals have maintained this array of closely related genes. It has been suggested that they may serve as functionally redundant proteins that are essential for the initiation and execution of autophagy. This is substantiated by the observation that these proteins are cleaved after a cysteine residue at their C-terminal ends by the cysteine protease, ATG4, and are recruited to autophagosomal membranes, thus pointing to a role in autophagosome maturation. 26, 27, 31, 32, 46, 47 However, the ATG8 mammalian orthologues are also implicated in other cellular functions, unrelated to autophagy. For example, GABARAP is involved in cell proliferation, programmed cell death and tumorigenesis, [48] [49] [50] while GATE-16 is implicated in intra-Golgi vesicle transport. 51 Intriguingly, a recent proteomics screening study identified the global autophagy interaction network in human cells, 52 and showed that mammalian ATG8 orthologues interacted with a cohort of 67 proteins. 52 Included among these are components of the autophagic conjugation system, vesicle transport, GTPase signaling, protein/amino acid modification, protein localization and transport, proteolysis, ubiquitination and phosphorylation. Approximately one-third of interacting proteins are associated with both subfamilies of LC3 and GABARAP, indicating an extensive overlap of interaction partners between these members, whereas one-third of partner proteins are specific for the LC3 and GABARAP subfamilies, respectively. 52 In general, multiplication of ATG8 orthologues in mammals is suggestive of increased autophagy complexity in mammalian systems (compared to that in yeast), heterogeneity of functionally redundant proteins and divergent functionality of these components. In the present work, the specificity of the LC3 translocation to the inclusion was confirmed, as its human orthologues GABARAP and GABARAPL2 failed to interact with the C. trachomatis inclusion (Fig. S3) . Further, depletion of either GABARAP or GABARAPL2 did not affect the propagation of C. trachomatis (Fig. 7) ; however GABARAPL1 depletion did moderately reduce bacterial infectivity. Therefore, GABARAPL1 could be of particular importance, as it is also known to associate with microtubules and promote tubulin polymerization. 46 Whether or not GABARAPL1 can translocate to the inclusion requires further investigation. However, we can conclude from our investigations here the important observation that LC3, unlike GABARAP and GABARAPL2, is essential for C. trachomatis development.
Many pathogens are sequestered in LC3-decorated phagosomes for their clearance by autophagy as an innate immune machinery appears to serve as a host defensive strategy to restrict chlamydial propagation. Further work is required to elucidate the exact role of LC3 and the MAP1 heavy subunits in the biology of Chlamydia and to determine the mechanism underlying the trafficking of these components along the microtubules. Such investigations could disclose a novel Chlamydia-host interaction essential for pathogenesis. . 53 ). Other microbes, including Porphyromonas, Leishmania, Coxiella and Legionella, inhabit LC3-decorated replicative niches that escape destruction, despite the presence of LC3, by employing a number of defensive strategies such as preventing lysosome fusion or blocking degradation after lysosomal fusion. 53 Some pathogens can even benefit from nutrients delivered by LC3-labeled autophagosomes. 53 In contrast to these previous observations, both our present and prior work 12 suggest the role of LC3 in C. trachomatis infection is distinct from autophagy. LC3 may be acting as an adapter to facilitate microtubule-dependent trafficking of cytoplasmic components such as nutrients and membranes to chlamydial vacuoles; the N-terminal domain of native LC3 associates with microtubules, whereas its C-terminus may be linked to trafficked molecules. Interestingly, our study also provides some compelling evidence for the involvement of MAP1s and LC3 in the cell cycle, as these components exhibited a marked localization to the mitotic spindle and the site of cytokinesis.
Materials and Methods
Media
In addition to recruiting LC3 and MAPs to the inclusion of C. trachomatis, the host microtubular network appears to have an important role to facilitate and ensure successful intracellular infection of Chlamydia spp. Indeed, C. trachomatis compartments are shown to aggregate in a microtubule-dependent manner at a peri-Golgi region that corresponds to the microtubule-organizing centre. 29, 30 This intracellular trafficking of nascent C. trachomatis phagosomes is mediated by the microtubule-associated protein dynein. 29, 30 Interestingly, the closely related bacterium Chlamydia psittaci requires an intact microtubular network for optimal growth. 54 Recently, a unique role for the cytoskeleton during the replicative stage of the chlamydial developmental cycle was demonstrated. 55 Chlamydia was found to remodel host actin and intermediate filaments to form scaffolding surrounding the inclusion that is necessary to maintain inclusion integrity and morphology. However, obstructive effects resulting from displacement of microtubules by the inclusion hindered characterization of a possible interaction between microtubules and the C. trachomatis inclusion. 55 More recently, an additional role of LC3 relevant to microtubules has been uncovered. Similar to MAP1s, 23, 24 LC3 is implicated in the stimulation of microtubules' stability by preventing their dynamicity, which leads to more growth of microtubules than shortening. 25 Based on the interaction between LC3 and MAPs with microtubules at the inclusion shown here, it is conceivable that these factors have a role in stabilizing microtubules, in addition to the previously proposed function of LC3 and MAPs in serving as mediators between microtubules and other cytoskeleton-associated elements at the inclusion. Whether these novel roles of LC3, distinct from autophagy, might also apply to other intracellular pathogens, especially those benefiting from an interaction with LC3, requires investigation.
Overall, our data show the physical and functional interactions of MAP1A, MAP1B and LC3 with the C. trachomatis inclusions are microtubule-facilitated and distinct from the formation of autophagosomes. Using RNAi, we have shown that MAP1A and LC3 are required for the completion of the C. trachomatis developmental cycle. In contrast, the autophagic ©2 0 1 1 L a n d e s B i o s c i e n c e .
D o n o t d i s t r i b u t e .
pEGFP-LC3A, pEGFP-LC3B and pEGFP-LC3C were constructed by PCR amplification. The PCR products were cloned into the EcoRI and SalI sites of the mammalian expression vector pEGFP-C1 (Clontech, 6084-1) by sticky-end cloning and the resulting constructs were tagged at the N-terminus. A point mutation in the human LC3 isoforms was created by site-directed mutagenesis (QuikChange XL Site-Directed Mutagenesis Kit; Stratagene, 200518-6). To produce N-terminally tagged LC3B constructs, nucleotide sequences corresponding to the human full length LC3B or truncated LC3B with a deletion of the last eight amino acids including Gly residue 120 were cloned into Sma1 and HindIII sites of the pKJ1ΔF-6myc vector (kindly provided by M. McBurney, University of Ottawa). pKJ1ΔF-6myc is pUC19-based vector, containing the constitutively active mouse phosphoglycerate kinase (PGK) promoter driving the expression of six repeats of 9-amino acid epitope from the human c-myc protein.
All fusion constructs were confirmed by nucleotide sequence analysis. Eukaryotic transfection. HEp-2 cells cultured on coverslips in 12-well plates were washed once and then transfected with lipofectamine using 1 μg/ml DNA, according to the manufacturer's instructions (Gibco-Invitrogen, 11668-019). One day post-transfection (p.t.), cells were infected with C. trachomatis (MOI 0.5) and incubated for an additional 24 h or 48 h at 37°C and 5% CO 2 before processing for confocal microscopy. Uninfected transfected cell monolayers incubated for 48 h prior to analysis by fluorescence microscopy were used as controls.
RNA interference. HeLa cells seeded in six-well plates with a confluency of 70-80% were transfected with the respective siRNA using the RNAiFect or HyperFect transfection kits (Qiagen, 301605 and 301705, respectively), following the manufacturer's instructions. For single and double transfection experiments, 2 μg of each siRNA was used; for triple knockdown experiments, ~1.4 μg of each siRNA was used. One day p.t., cells in each well were trypsinized and split into new six-or 12-well plates with coverslips and incubated overnight. Cells in six-well plates were infected with C. trachomatis (MOI 0.5). At 48 h p.i. inclusion formation and chlamydiae infectivity was monitored (see above). For immunostaining, cells were cultured in 12-well plates and infected for 30 h. Efficiency of gene silencing was validated using real-time PCR, as previously described in reference 57, immunofluorescence staining and western blot analysis. Two different siRNAs were used to target either LC3A or LC3B. For other targets only one siRNA was designed. See Table 1 for the sequences targeted by siLC3A, siLC3B, siMAP1A, siGABARAP, siGABARAPL1, siGABARAPL2, si14-3-3β and siLuciferase.
shRNA knockdown cells were generated as follows: shRNA oligonucleotides (Metabion) were annealed and cloned into the lentiviral pLVTHM vector, 58 carrying a GFP cassette for monitoring virus production and infection. The following sequences were targeted to silence LC3B and MAP1A by shRNA expression: GUA AAC GGG CUG UGU GAG A and GGU GUC UCA AAC CAA AGU UAA, respectively. Viruses carrying LC3B shRNAs or MAP1A shRNAs were produced by transfecting 293T cells with corresponding pLVTHM constructs together with viral packaging vectors (psPAX2 and pMD2G) Host infection and determination of infectivity. For labeling with antibodies, host cells cells were seeded onto coverslips in 12-well plates and inoculated with C. trachomatis or C. pneumoniae diluted in IM at MOI 0.5, unless otherwise indicated. Cells inoculated with C. trachomatis were incubated for 2 h at 35°C and 5% CO 2 , whereas C. pneumoniae-inoculated cells were centrifuged for 1 h at 920x g and then further incubated under conditions mentioned above. Infected cells were washed before adding fresh IM and then incubated for specific time intervals in the humidified tissue culture chamber. In some experiments, nocodazole (30 μM) or CAM (100 μg/ml) were added at the indicated times.
The formation of infectious progeny of C. trachomatis in infected host cells was assessed by infectivity titration assays. 4 Briefly, infected cells were mechanically lysed using glass beads, resulting lysates were serially diluted in IM and then inoculated onto HEp-2 cells for 2 h. Cells were then washed and further incubated in MM for 24 h. The number of inclusions was expressed as IFU/ml. The numbers and sizes of chlamydial inclusions in MEFs were analyzed with an automated microscope (Olympus Soft Imaging Solutions), as indicated elsewhere in reference 56.
Electron and immunofluorescence microscopy. Ultrastructural analysis and immunogold labeling were conducted as described previously in reference 4. For fluorescent labeling, host cells were fixed and permeabilized for 5 min with ice-cold 100% methanol at indicated time points p.i. Fixed cells were air dried, washed three times in PBS and then incubated with 1.5% donkey serum in PBS as a blocking reagent. Cells were then incubated sequentially with primary (overnight at 4°C) and secondary (60 min at room temperature) antibodies. Coverslips were mounted onto glass slides using Mowiol and preparations were viewed on a Leica TCS-SP laser scanning confocal microscope with a krypton/argon laser. Photomicrographs were processed using Adobe Photoshop 6.0 (Adobe Systems) and Microsoft Power Point.
Analysis of mRNA expression using RT-PCR. Total RNA was isolated from host cells using the RNeasy Kit (Qiagen, 74104) according to the manufacturer's protocol. The OneStep RT-PCR kit (Qiagen, 210210) was used for cDNA preparation and amplification. Primer sequences were as follows: map1A 5'-GGA GGG AGC TAA GCT GTG AG-3', map1A 3'-ACC CAA CTG GTG ATT CAG CAA-5', map1B 5'-ATG GGA CAC AAA CCT GAT TGA AT-3', map1B 3'-ACG TCA CTT CGG TGA TGA AGG-5' and gapdh 5'-ATC ATC CCT GCC TCT ACT GG-3', gapdh 3'-TGG GTG TCG CTG TTG AAG TC-5'.
Plasmid construction. The mammalian expression plasmids containing rat green fluorescent protein (GFP)-tagged LC3 are described elsewhere in reference 11. Mouse GFP-LC3B was a generous gift from Kim Chun (Department of Immunology, Max Planck Institute for Infection Biology, Berlin, Germany). Human DsRed-tagged LC3B was generously provided by M. Hoyer-Hansen (Apoptosis Department, Danish Cancer Society, Copenhagen, Denmark). To produce GFP constructs of human wild-type LC3A, LC3B and LC3C, cDNAs generated by RT-PCR using RNA isolated from HEp-2 cells and the human DsRed-LC3B construct were used as templates. Human ©2 0 1 1 L a n d e s B i o s c i e n c e .
Statistical analysis. For statistical calculations, graphs and histograms, Microsoft Excel was used. To determine if the observed effect is statistically significant, Student's t test was performed. p values of <0.05 are considered statistically significant.
